Rock mass failure at high depth near deep openings often has a zonal character (Makarov et al. 2016) . The mechanism of this phenomenon consists in the periodical character realisation of stresses in surrounding rock mass and development of tensile macrocracks at the places (zones) of maximum tangential stresses (Guzev & Makarov 2007) . A mathematical model of the highly stressed rock massifs is developed on the base of the defective media mechanics and non-equilibrium thermodynamics principals (Makarov et al. 2013 
Introduction
Failure conditions can take place in the boundary parts of openings at high depths of excavation and wall drilling. In some cases, the failure has a zonal character (Figure 1 ), where tensile macrocrack zones alternate with relatively monolithic rock mass (Adams & Jager 1980; Shemjakin et al. 1986; Qian et al. 2009; Lisjak et al. 2012; Cumming-Potvin et al. 2016 ). Many attempts have been made to describe the zonal character of rock mass failure near openings based on classical mechanics (Metlov et al. 2002; Odintsev 1996; Reva & Tropp 1995; Shemjakin et al. 1987) . But no one has been able to explain all the properties of zonal failure structures without the introduction of new assumptions in every new case. 
Some attempts to describe zonal failure near openings have been done with the finite element method/discrete element method (FEM/DEM) (Lisjak et al. 2012) where the block caving method of excavation has been applied. But FEM/DEM is founded on the classical theory of the continuous media where the compatibility conditions have been met and cannot be applied to the highly stressed rock mass with the zone failure description purposes (Reva & Tropp 1995; Mirenkov 2014 ).
Another approach is taken place with the problem of physical modelling on the centrifuges (Cumming-Potvin et al. 2016) . The authors ignore the principals of the highly stressed media modelling, which have been achieved after the same type of research in VNIMI (the State Geomechanical Institute, Leningrad, Russia) (Glushihin et al. 1991) , and have interpreted the failure of the continuous media in the one radius distance around the opening as the 'zones character' which does not satisfy the experiment's results in situ.
Recently, a new gauge theory has been applied to solids to describe the whirl fields of plasticity in high energy conditions (Kadich & Edelen 1983; Panin 1990; Panin et al. 1990 ). The main principle of gauge theory is incompatibility of the deformation in solid media. But it does not apply to the zonal failure phenomenon of rock masses near openings. In this paper we demonstrate an example of a description of the phenomenon by employing the gauge mathematical model.
The description can be done from the position of consideration of the rock mass hierarchical block systems (Xu 2009 ). A rock sample in this conception is shown as the first level of a hierarchical system and the rock mass on the opening scale corresponds with the second one.
Mathematical model and task solution
Rock at a high depth is modelled by a faulted structure which is far from the state of thermodynamical equilibrium; it is in constant all-around compression. The problem is formulated as a two-dimensional circular opening in an infinite medium with compressive gravitational stress applied at an infinite boundary. Solving Equation (2) gives expressions for the stress components:
, where: r = the distance from the centre of the opening to a selected point in the rock mass.
3
Stress calculation and criteria of failure for non-classical boundary conditions and task solution
Stresses surrounding the opening are of oscillating character ( Figure 2 ).
Figure 2 Oscillating character of the stresses and R -functions in the rock mass surrounding the underground opening
The zones of failure appear in the areas where the conditions of crack propagation under compression are met:
where: l = the half-length of fracture faults of the rock mass and is assumed to be equal to the minimum half-length of a tensile macrocrack which is unstable in stress conditions (m). 
Parameters of the model
The research on rock mass zonal failure was carried out for an unlined opening. In order to run the calculations, algorithms and programs were developed that included formulas for calculating the damage function R(r), stresses, and criterion function K r (r). On the basis of the developed programs the experiment was carried out with three types of parameters being analysed.
The first type included parameters of model γ , c, which are determined from the experiment taking into account the all-around compression at a high depth. The second type includes parameters that characterise the mechanical properties of rock mass: E , the modulus of elasticity (MPa); ν , the Poisson ratio; с σ , the uniaxial compression strength (MPa); and the value of gravitational stresses in the rock mass, σ ∞ (МРа).
The third type includes parameters in Equation (4) which characterise the cracking structure of the rock mass: the half-length of rock fracture faults l and the fracture toughness of rock material Ic K , and the coefficients 3 1 , γ γ (below the dependence γ 3 /γ 1 is used).
Parameter γ can be determined using the procedure of statistical analysis of the natural research results of the zonal failure process in deposits in Russia (the Far Eastern part, Siberia, Donbass) and China. A linear character of dependence between the relative distance from the opening contour to the middle point of the first failure zone and uniaxial strength of the rock was determined: 
where: r * = the distance from the opening contour to the middle point of the first failure zone which has been found from experimental data (m).
The relation between parameters γ and 0 / r r * is linear as can be seen from Table 1 . According to recent research the rock mass can be shown as a hierarchical block medium (Guzev & Makarov 2007; Guzev & Paroshin 2000; Guzev et al. 2005; Kadich & Edelen 1983; Makarov 2004 . When the physical character of failure on the neighbouring hierarchical levels is the same, the macrodefect size of the lower level can be determined as a mesodefect of the corresponding higher level (Guzev & Makarov 2007; Guzev & Paroshin 2000) . So this low is reflected in the conservation shear-tensile character of the rock failure on the neighbouring levels of samples and mass in conditions of high stress ).
The algorithm for the determination of the mathematical model's parameters consists of the next steps:
After the rock sample strength reaches the limit of strength с σ , the limit of residual strength res C σ , Young's modulus E , and Poisson's ratio ν are determined. Then by using Equation (6) the emplacement of the first failure zone's middle point * 0 / r r can be found. Then after the substitution of these data in Table 1 , the first correction parameter of the mathematical model γ can be determined. Then, the stress intensity factors of both the rock sample and the rock mass are written in the equation of equality and the parameter of the model 'C' is determined as a result of the calculation. For this purpose, the equation of equality is applied:
where: C = parameter used in the right-hand part of Equation (7) (see Appendix).
Programs for the determination of the last destruction zone (for lined and unlined openings: В1 and B2 respectively) and programs for calculation of the radial length of fracture zones (for lined and unlined openings: Cl and C2 respectively) were developed. Program charts with a brief description were also developed. The patterns of the changes in the zonal structure of rock mass failure depending on various factors were obtained. Deep Mining 2017, Perth, Australia
The main parameters of the zone structure were identified: the number of zones of failure, the location of the furthest fracture zone from the opening boundary (the last zone of failure); the creation of relative critical stresses of failure zones; and the value of the radial length of failure zones.
Results
As a result of the modelling experiment on the basis of the adopted mathematical model we determined that the parameters of the zonal structure depend slightly on the values of the elastic modulus of rocks E and the Poisson ratio ν . This conclusion corresponds to the data obtained during laboratory studies (when the elasticity varies 10 times, the critical stresses of zone creation change by 2-5% on average). The research on fracture zones was carried out for rather solid rock ( с σ = 150 MPa) and for weak rock ( с σ = 15 MPa). In order to run the calculations, algorithms and programs were developed that included formulas for calculating the expressions of defectiveness ( ) R r , stress, and the criterion function ( ) K r .
The results of the solid rock case study are demonstrated by the application of the developed method to the problem of zonal failure in the Nikolaevskij ore mine (Dalnegorsk, Russia). The forecasted depth of development of the cracking zone is shown in Table 2 . Depth of zone appearance (m) 520 920 1,160 1,320
The amplitude parameter 'C' is dependent on the modulus of deformation and the Poisson ratio of the rock mass ( Figure 4 ). The precision of the correlation between theory and experiment has been estimated by comparing the results of in situ measurement of the radial displacements near the openings at high depth (Nikolaevskij ore mine) with the model calculation results ( Figure 5 ). It was determined that the difference between the forecasted and measured data was no more than 50% in the four radius field around the opening.
Figure 5 Comparison between theoretical (1) and experimental (2) data of radial deformations
The comparison of the results of the analytical and experimental studies of the weak rock also shows their good convergence (Table 3 ). The research on zonal failure of the rock mass was carried out for an unlined opening. It was determined that the basic factor that influences the parameters of zonal failure structure is the value of stresses that act within the rock mass (opening depth). With the increase of stresses, the number of failure zones increases and their radial length increases until it reaches neighbouring zones. The closer the zone is located to the opening boundary, the faster the process. The boundary of the last zone of failure moves further into the rock mass (Figure 6(a) ). The parameters of the fracture structure of the rock mass also influence the character of zone failure. The radial length of the zones of failure decreases if the rock fracture toughness rises (Figure 6(b) ). When the rock fracture toughness decreases, zones of failure appear at lower relative stresses and the distance of the last failure zone from the opening boundary increases.
The activity of rock destruction also has a strong influence on the parameters of the zone failure structure. As the fracture faults length increases, the radial length of failure zones increases. This parameter decreases if the dependence 3 γ / 1 γ rises. Regularities determined for weak rock mentioned above are also true for solid rock.
Conclusion
The research conducted shows that as the depth of the opening rises the zonal character of rock failure becomes more expectable, which should be taken into consideration when designing a lining for such conditions.
A method for determining the mathematical model parameters of zonal failure structure near to deep openings has been developed. A full quality and good quantitative correlation between theoretical forecasting and experimental research has been achieved.
